ABSTRACT Hefzibah Eyal-Giladi was a creative and innovative pioneering scientist in the creation of the field of early chick embryo development. She had a sharp thinking and enthusiastic attitude, which enabled her to make a deep impression that was highly valued by the general scientific community. Notably, she was a highly successful female researcher in an era which was dominated by male scientists. Her unique personality and keen intellect enabled her to break these borders in a most successful manner. The experiments conducted by her personally, her students and her collaborators served to provide the basic knowledge and paradigms for future scientists in the field, also paving the way for discoveries in other vertebrate model systems. The experimental embryology assays she performed were "old school", examining embryos and explants at a precise morphological level of tissue interactions. In recent years, most of the experimentation in embryology has shifted to molecular and genetic levels. However, the results obtained with these technologically advanced research tools still re-confirm the fundamental findings obtained by Eyal-Giladi using "classic" experimental embryology techniques. Finally, Hefzibah Eyal-Giladi was an outstanding teacher and lecturer. For five decades, she trained and taught generations of undergraduate and graduate students in Israel, exposing them to the field of embryology and developmental biology in the most exciting and enthusiastic way.
Introduction
Hefzibah Eyal-Giladi was an internationally esteemed pioneer researcher and founder leader in the fields of embryology and developmental biology in Israel and all over the world (Fig. 1) . She was born in pre-state Israel in 1925, and in the 1940's she performed her undergraduate studies in biology at the Hebrew University of Jerusalem. She finished her undergraduate studies after the Israel War of Independence in 1948. She then moved to the Netherlands and performed her graduate studies in the laboratory of Professor Pieter Nieuwkoop (Hubrecht laboratory at Utrecht University), one of the most renowned embryologists of the 20 th century (Fig. 2) . Her Ph.D. thesis topic was, "Dynamic Aspects of Neural Induction in Amphibia" (Eyal-Giladi H., 1954) . Her thesis was groundbreaking research, examining the earliest aspects of neural patterning in a vertebrate system. Her model of early neural patterning published in 1954 is still a paradigm in Int. J. Dev. Biol. 61: 121-126 (2017) doi: 10.1387/ijdb.160179ok the field over sixty years later.
Eyal-Giladi returned to Israel in 1955, receiving an academic appointment in the Department of Zoology, The Hebrew University of Jerusalem. In the next few years, she continued her studies in amphibian development, concentrating mainly on the development of the muscular and nervous systems (Eyal-Giladi et al., 1964) . In the early 1960's, her sabbatical research took her to the USA, where at the University of Minnesota she worked with Nelson Spratt, one of the pioneering scientists in the field of chick development. They explored the potential of investigating early chick development as a model vertebrate system (Eyal-Giladi and Spratt, 1965) .
After her sabbatical and subsequent return to Israel, Eyal-Giladi continued her studies on the early stages of chick development (Eyal-Giladi, 1969; . Her research for the next forty years concentrated mainly on differ-ent aspects of the early embryological stages and morphological processes of chick development. Her career-long studies would become the cornerstones of research in the field of early chick development.
A table of normal stages of early chick development
In the mid 1960's, when Hefzibah Eyal-Giladi initially started to work with early chick embryos, the only existing reference of embryonic stages was the table of Hamburger and Hamilton (H&H; Hamburger and Hamilton, 1951) . This table of normal stages included all the developmental stages of the chick from as early as the laid egg until the hatching stage, but did not include developmental stages. He had to measure the exact time of the previous egg laying by the hen, in order to calculate the correct time to abort the next egg so that embryos could be obtained at the desired stages (I-X) of development.
The chick embryo develops from a disc-shaped cytoplasm (blastodisc) on top of the yolk. Eyal-Giladi and Kochav found that the egg is fertilized after ovulation, in the infundibulum, and the zygote starts to cleave five hours post fertilization, just as the egg enters the uterus. They also discovered that this cleavage stage continues for about eleven hours (stages I-VI, EG&K), due to a very high mitosis rate in the the blastodisc. After about eleven hours of cleavage (stage VI, EG&K), the disc-shaped cytoplasm on the top of the yolk turns into an opaque blastodisc, having a the earliest developmental stages of chick embryogenesis that take place inside the hen's uterus. Since Hefzibah Eyal-Giladi wanted to investigate the earliest stages of chick development, she and her graduate student Shimshon Kochav developed a manual method enabling them to abort intra-uterine eggs.
Eyal-Giladi and Kochav systematically examined the microscopic anatomy and cell population dynamics during the early stages of chick embryo development, and elegantly summarized these early stages in a table of normal stages (I-XIII, EG&K). Stages I-X take place in the hen's reproductive system, and are called the intra-uterine stages, whereas stages X-XIII describe the subsequent development of the just laid egg. The detailed table of stages I-XIII that were elucidated by Eyal-Giladi and Kochav, is presented in the table of normal stages of Hamburger and Hamilton (1951) , as only one stage (stage 1, H&H). Kochav worked around the clock to manually abort the intra-uterine eggs, in order to get embryos from different thickness of five-six cell diameters. One of the most striking events during early chick development observed by Eyal-Giladi and Kochav was the formation of the area pellucida. This is the first visible morphogenetic event in avian development, which starts at stage VII (EG&K). While a stage VI blastodisc is composed of five or six cell layers, at stage VII, a directional shedding of the deep cells facing the subgerminal cavity begins. This process continues gradually during the next eight-nine hours of intra-uterine development, so that by the laid chick egg stage X (EG&K) the central area of the blastoderm is a one-cell-thick area pellucida. The cells in the peripheral ring around the forming area pellucida are attached to the yolk and form the area opaca of the blastoderm.
To further analyse the development of the laid stage X blastoderm, Eyal-Giladi and Kochav had to incubate the eggs. They found that the formation of a lower layer of cells, the hypoblast (stages X-XIII), is the first visible morphogenetic event in the laid chick's blastoderm. At stage XIII, the formation of the hypoblast is complete, and the central disc of the blastoderm can be divided into an upper layer of cells called the epiblast, and a lower layer, called the hypoblast. This is the blastula stage of the chick embryonic development. The space between the epiblast and the hypoblast is the blastocoel cavity. Blastula stage (stage XIII) concludes the table of normal stages of chick embryo development by Eyal-Giladi and Kochav, which is still accepted worldwide as the benchmark to describe the earliest, pre-and post-egg laying stages of chick embryonic development (Fig. 3; Eyal-Giladi and Kochav 1976; Kochav et. al, 1980 
Determining bilateral symmetry in the chick embryo
One of the main issues concerning early avian development is how the bilateral symmetry of the embryo is determined. The unfertilized avian egg exhibits radial symmetry and is polarized along its animal-vegetal axis. When the egg is laid and starts to develop, it exhibits a clear pattern of bilateral symmetry. Eyal-Giladi and Kochav investigated this crucial process of symmetrization by focusing on the developmental stages that convert the egg from a radial to bilateral symmetry. Conrad and Phillips (1938) demonstrated that while the chick egg is rotating during the intra-uterine stages, the shell and the albumen rotate around the stationary yolk. The blastodisc on the highest point of the yolk shifts in the direction of the rotation and therefore remains quiescent in an oblique position. Therefore, Eyal-Giladi and Kochav examined the influence of the egg's rotation on the symmetrization of the chick blastodisc. As previously mentioned, they developed a manual method that enabled them to abort intra-uterine eggs prior to the critical period of symmetrization. They could imitate the effect of rotation by taking out the yolk and hanging it on one pole in an albumen-filled beaker, thus forcing the blastodisc into an oblique position (Fig. 4) . They also obtained a similar result by incubating whole aborted eggs in a vertical position, with the pointed end either up or down. In all of these experiments, Eyal-Giladi and Kochav found that the future posterior end of the embryo always coincided with the highest point of the obliquely situated radial blastodisc. Moreover, they found that the formation of the area pellucida starts from the uppermost region of the oblique blastodisc. As previously noted, at stage VI, the blastodisc is composed of five or six cell layers and looks radially symmetric. After about 2 hours (stage VII), a directional shedding of deep cells facing the sub-germinal cavity begins from the highest point of the oblique blastodisc. This process continues gradually (stages VII-X), and the central area of the blastodisc becomes one cell layer, the area pellucida. Thus, Eyal-Giladi and Kochav found that the area pellucida forms gradually, starting with the progression in an anterior direction to the uppermost part of the blastodisc as the axis is determined. Eyal-Giladi and Kochav concluded from all of those experiments that gravity imposes on the obliquely positioned blastodisc a gradual process of cell shedding and thereby determines the posterior-anterior axis of the chick embryo (Kochav and Eyal-Giladi, 1971; Eyal-Giladi and Fabian, 1980) .
Axis initiation in the chick embryo
Another question which greatly interested Eyal-Giladi's lab was how axis formation is established in the chick embryo. Her earlier work (Kochav and Eyal-Giladi, 1971 ) demonstrated that a gradual process of cell shedding during the intra-uterine stages determines the posterior-anterior axis of the chick embryo. Over the years, Eyal-Giladi together with several graduate students investigated how this polarity is imposed to initiate the embryonic axis in the blastoderm.
During the early development of the chick embryo, one of the first visible regions the stage X blastoderm is the marginal zone. It is a belt-like region at the periphery of the area pellucida. The marginal zone starts to appear in the posterior region of the blastoderm at stage X, and becomes completely delineated at stage XIII, the blastula stage of the chick embryo. A sickle (Koller's Sickle) starts to form at the posterior marginal zone of the early stage X blastoderm. The sickle (crescent) is a condensation of cells projected ventrally from the epiblast to form a ridge, which is the inner border of the marginal zone. Spratt (1966) recognized the marginal zone and Koller's sickle as an area of crucial significance for embryonic development. Kochav, S. and Eyal-Giladi, H. (1971) Bilateral symmetry in chick embryo, determination by gravity. Science. 171: 1027 Science. 171: -1029 Therefore, Eyal-Giladi and Khaner elucidated the importance of the marginal-zone cells of the early chick blastoderm (stage X) for axis development. They initially examined the capacity of different regions of the marginal zone to promote the formation of a primitive streak (Khaner et al., 1985; Khaner and Eyal-Giladi 1986) . Two rectangular fragments of the same blastoderm, one from the posterior marginal zone (PMZ) including Koller's sickle, and one from the lateral marginal zone (LMZ), were exchanged with each other. An ectopic primitive streak developed from the LMZ, where the PMZ fragment had been transplanted. The main conclusion from these experiments is that at stage X, the cells in the PMZ possess the highest potency to induce development of the primitive streak and determine its location (Fig. 5) .
Experiments in which the yolk is hung by one chalaza, with the blastodisc being forced into oblique position. (a) Position of the blastodisc at the beginning of the experiment (side view). The highest point is marked with carbon. (b,c) Orientation of the embryo at the end of the experiment as related to the highest point of the blastodisc. (b) Uterine egg; (c) control egg (front view). Taken from:
To further examine the issue of axis initiation, Eyal-Giladi and Khaner conducted various experiments, including homoplastic and heteroplastic transplantations Eyal-Giladi and Khaner 1989) . From these experiments, they concluded that a gradient of developmental potential to form a primitive streak is expressed within the marginal zone area of stage X blastoderms. The blastoderm during the early stages of development acts as an integrative system programmed to form a single embryonic field by the coordinated action of inductive and inhibitory effects. Moreover, the posterior marginal zone can be thought as an organizing center analogous in some ways with the Nieuwkoop center in amphibians (Bertocchini et al., 2004) , since it can induce the formation of a new embryonic axis.
Mesoderm induction
Historically, mesoderm induction was one of the main topics of investigation in early amphibian development (Nieuwkoop, 1985) , and Eyal-Giladi was the pioneer researcher of this subject in the avian embryos. In the chick, the first visible tissue that develops as a result of mesoderm induction is the primitive streak. However, its induction already occurs during the stages of hypoblast formation. Therefore, Eyal-Giladi and Azar conducted a set of experiments at those stages to unravel this apparent discrepancy. They examined the functional role of different regions of the stage XIII blastoderm, and their involvement in the formation of the primitive streak and subsequent induction of mesoderm (Azar and Eyal-Giladi 1979; Azar and Eyal-Giladi 1983) .
They systematically examined the interactions of the epiblast with the hypoblast and/or the marginal zone. In the stage XIII blastoderm, the formation of the hypoblast is complete, and the central disc of the blastoderm can be divided into two layers, the hypoblast and the epiblast. At this stage, the marginal zone has a distinct outer border, the area opaca, and inner border, the central disc. Azar and Eyal-Giladi removed from the blastoderm, the area opaca, the marginal zone, the hypoblast, or both the hypoblast and the marginal zone, and cultured the remaining parts. When the area opaca was removed from the stage XIII blastoderm, the primitive streak formed normally. Removal of the area opaca and the adjacent marginal zone, or removal of the hypoblast itself also did not influence the formation of the primitive streak. However, when both the marginal zone and the hypoblast were removed, the primitive streak did not develop, although some mesodermal derivatives were formed (blood vessels and blood islands). Azar and Eyal-Giladi concluded that either the hypoblast or the marginal zone must be present at stage XIII for the primitive streak to form. In the absence of both the marginal zone and the hypoblast, the isolated epiblast could form some non-axial mesoderm, which was already induced during earlier stages (X-XII). However, because this induction was weak, axial mesoderm structures did not form.
These results suggested that the induction of the mesoderm is a multi-step specification process. In normal development in the presence of the marginal zone, the hypoblast, or both, the induction process is continuous and results in the formation of the primitive streak and all mesoderm derivatives. If the epiblast of the chick embryo is exposed for only a short time to the inductive influences during its formation (stages X-XII), the level of this inductivity is not sufficient to form the primitive streak and axial Khaner, O. (1993) . Axis determination in the avian 
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mesoderm. In this case, only non-axial mesoderm (blood vessels and blood islands) is formed in the isolated epiblasts.
Avian primordial germ cells
The origin of the Primordial Germ Cells (PGCs) in invertebrates and in some vertebrates (fish and amphibians) is known to arise from germ plasm. In amniotes (reptile, avian and mammalian), the PGCs were known to form by induction, but their origin was unclear. Eyal-Giladi and colleagues were the first to discover that the avian PGCs are of an epiblastic origin (Eyal-Giladi et al., 1981) . They also found that the PGCs begin to migrate from the epiblast towards the hypoblast, a process that continues throughout the entire gastrulation period, until about the stage
Establishment of the body axis in chordates
Eyal-Giladi was also interested in central questions of comparative embryology and evolution. She was attracted to how the embryonic axis is established in different chordates, especially in vertebrates. A review article she wrote on this important issue was dedicated to the memory of Pieter D. Nieuwkoop, who was her beloved teacher, mentor and friend, and as she wrote, " a great, but modest scientist".
Eyal-Giladi proposed a master plan for the early development of all chordates and vertebrates (Eyal-Giladi, 1997) . It is well known that a common feature for all chordates and vertebrates is that the animal-vegetal axis is probably the only axis that is determined during oogenesis, so that at ovulation the ovum is radially sym- of head-fold formation (Ginsburg and EyalGiladi, 1986 ). The migrating PGCs are carried both by the hypoblast and mesoderm into the germinal crescent, where most of them are to be found at stage 10 H&H (Hamburger and Hamilton, 1951) .
Moreover, Eyal-Giladi and Ginsburg examined the existence of a specific area in the early chick blastoderm, which might be the exclusive source of PGCs. They divided the chick blastoderm into fragments, incubating them for forty-eight hours, after which the fragments were analyzed for the presence of PGCs. They found that most of the PGCs originated from the central fragment of the chick blastoderm (epiblast). The PGCs were derived from this fragment even in the absence of embryonic axis development. The PGCs were found mostly in association with the forming blood islands. When an embryonic axis did develop in some fragments, the PGCs were concentrated in its anterior end, in a pattern resembling the germinal crescent. In addition, no indication of a quantitative regulation of the PGCs was found, and the sum of PGCs was almost constant. These results demonstrated for the first rime that PGCs may be determined in the epiblast as early as the stage of laid egg (X), and that the further differentiation of the PGCs is independent of the embryonic forming processes (Ginsburg and EyalGiladi, 1987 ).
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126 Oded Khaner metric. The establishment of the bilaterally symmetric embryonic axis (axialization) is an event that takes place after fertilization. Eyal-Giladi suggested that the speed of axialization seems to be related to amount of yolk in the ovum. Experiments in amphibians and avian embryos demonstrated that the radial symmetry of the ovum is changed at or after fertilization into bilateral symmetry by an external signal. Two alternative triggers, sperm entry (in amphibian) and gravitation (in avian) have been demonstrated. Eyal-Giladi suggested that a correlation exists between the amount of yolk stored in the fertilized ovum and the mechanism used for axialization. She proposed that the speed at which axialization of the embryo takes place depends on the translocation speed of maternal determinants. These determinants move from the vegetal pole of the fertilized ovum towards the future dorso-posterior side of the embryo. On arrival at their destination, the activated determinants form an induction center. This center is homologous to the amphibian "Nieuwkoop Center". In all chordates and vertebrates, the "Nieuwkoop Center" induces the formation of an organizer equivalent to the amphibian "Spemann Organizer" (Fig. 6; Eyal-Giladi, 1997) . The line connecting the midline of the organizer and the animal pole will inevitably become the median plane of the future embryo, and the head will therefore develop at or towards the animal pole. According to Eyal-Giladi, only a clear understanding of the morphogenetic homologies in a broad spectrum of chordates and vertebrates embryos can provide the basis for comparative study of the location and role of developmental molecules during early development.
